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FORTRAN PROGRAM FOR CALCULATING VELOCITIES IN THE 
MERIDIONAL PLANE OF A TURBOMACHINE 
I - CENTRIFUGAL COMPRESSOR 
by Michael R. Vanco 
Lewis Research Center 
SUMMARY 
A FORTRAN IV computer  program which calculates  the  velocities  in  the  meridional 
plane of a centrifugal  compressor is presented.  This  program wil l  determine  the  ve- 
locities in  the  meridional  plane of a backward-swept  impeller, a radial  impeller, and a 
vaned  diffuser.  The  velocity  gradient  equation with the  assumption of a hub-to-shroud 
mean  stream  surface is solved  along  arbitrary  quasi-orthogonals  in  the  meridional 
plane. These quasi-orthogonals are fixed straight lines. 
The input quantities  for  this  program  consist  essentially of mass flow, rotational 
speed,  number of blades,  inlet  total  conditions,  loss  in  relative  total  pressure,  hub-to- 
shroud  profile,  mean  blade  shape,  and a normal  thickness  table.  The output yields 
meridional  velocities,  approximate  blade  surface  velocities,  streamline  coordinates, 
blade  shape  coordinates, and stream-channel  normal  thickness  in  the  meridional plane. 
Numerical  examples a r e  included  to  indicate  the use of the  program  and  the  results ob- 
tained. 
INTRODUCTION 
Recently, increased  interest  has  been shown in high-pressure-ratio  backward-swept 
centrifugal  impeller  blades.  Centrifugal  compressors with backswept  impeller  blades 
have the  potential of achieving  higher  efficiencies  than  those with radial  impeller  blades. 
Several  methods are available  for  designing  radial-bladed  compressors,  but  limited 
work  has  been done on backward-swept  impeller  blades.  Reference 1 gives  the  method 
and  numerical  techniques  used  to find the flow distribution in the  meridional  plane of a 
radial-flow  turbine.  This  method  solves  the  velocity  gradient  equations with the as- 
sumption of a hub-to-shroud  mean  stream  surface. A set of arbitrary  straight  lines 
from hub to  shroud is used  instead of normals. 
called  quasi-orthogonals  and  they  remain  fixed 
These  arbitrary  straight  lines  are 
regardless of any  streamline change. 
. This  analysis, which has  been  used  for  radial-bladed  centrifugal  impellers, has  now 
been  programmed  to  include  backward-swept  centrifugal  impeller  blades. 
This  report  presents a computer  program  for  calculating  the  velocities  in  the  me- 
ridional  plane of a centrifugal  compressor.  This  program wil l  determine  the  velocities 
in  the  meridional  plane of a backward-swept  impeller, a radial  impeller, and a vaned 
diffuser, as well as approximate  blade  surface  velocities.  The output of this  program 
is arranged  in a form so that it can  be  used as input to  programs  used to calculate  the 
blade-to-blade loadings from references 2, 3, or 4. 
In this  report, a description of the input  and  output  and a FORTRAN N computer 
program are presented. A brief  description of the  method of analysis  and  the  computer 
program  are given. Numerical  examples a r e  included to  illustrate  the  use of the  pro- 
gram and the  results obtained. 
METHOD OF ANALYSIS 
Reference 1 presents  the method  and gives  the  numerical  techniques  used  to find the 
flow distribution in the  meridional  plane of a radial-flow  turbine.  The  general  velocity 
gradient  equation i s  derived  along  an  arbitrary  quasi-orthogonal in the  meridional  plane 
with the  assumption of a hub-to-shroud  mean  stream  surface.  The  equations  derived  in 
appendix B of reference 1 are 
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Figure 2. - Component of relative  velocity Wn normal  to  arbi- 
trary quasi*rthogonal. 
Figure 1. - Coordinate system and  velocity  components. 
The  coordinate  system and nomenclature a r e  shown in  figures 1 and 2. 
In this analysis, the total enthalpy at the  inlet h i  and  the  prerotation at the  inlet X, 
riVei, a r e  assumed constant. Therefore, equation (1) reduces to 
- =  A - + B -  W + C @ + D -  
dw ( :z dz) ds  dz s   d s   d s  (14 
Continuity must  also  be  satisfied  from hub to tip. The  calculated  mass flow across 
any  fixed  line  from hub to  tip  must  equal  the  specified  mass flow. The mass flow is 
computed from 
w = N a S  pWnr A 0  ds 
integrating  from hub to  tip  along a quasi-orthogonal. 
The  density is calculated  from  the  isentropic flow equation with a correction  for  loss 
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and  the  relative  total  pressure loss 
Apt' = pysen - p" 
The change in the angular distance between blades A0 is 
where tangential thickness tg is determined from 
when the normal thickness tn is specified. 
From  figure 2, it can  be  seen  that  the  velocity  normal  to  the  quasi-orthogonal  is 
wn = wm cos(* - CY) 
where  from  figure 1 
wm = w cos p 
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The flow angle p is determined  from the mean  stream  surface, 8 = O(m), for  each 
streamline, between the blades. Therefore, 
where (de/dm), is the  directional  derivative  along a streamline. 
and (ae/ar), in  equations (la) and (12) refer  to  the  mean  stream  surface between  the 
blades.  The  mean  stream  surface is assumed  to  deviate  from the mean  blade  shape  at a 
radius rb for a centrifugal machine. An approximate equation for determining rb is 
given  by reference 5, 
The ae/az and ae/ar in equation (9) refer to the mean blade shape. The (aO/az), 
rb = ri e -0. AB) 
The equation for the mean stream surface when r 2 rb is 
1 
rb 
The  boundary  conditions  used  to  obtain  equation (14) were Po, the  outlet flow angle; ob, 
the angular coordinate of the mean blade shape at rb; and (de/dm)b. Differentiating 
equation (14), we obtain 
It will  be noted that  equation (la) is in  terms of (M/az),  and (i38/ar)f and that, on 
the  mean  stream  surface, 8 is a function of the meridional distance m, for each 
streamline. The relation between them is 
(E)f = sin a + (E)f cos a 
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.The  preceding  equations are solved with the  specification of a mean  blade  shape. 
The  mean  blade  shape  can  be  specified by two methods.  The first  method of specifying 
the  mean  blade  shape is specifying  the  angular  coordinate of the  mean  blade  shape 6 
constant  along a quasi-orthogonal. Since the  quasi-orthogonal is a fixed straight  line, 
the  mean  blade  shape is completely  specified  by  specifying 8 as a function of the merid- 
ional distance m for the hub and shroud streamlines. Therefore, de/dm i s  known, 
but the N/ar and ae/az have to be determined. If the directional derivative is taken 
in  the  m  and s direction,  then 
and 
de - ae d r  ae dz 
”” + - - = E s i n  cy+-cos ae cy 
dm ar dm az dm ar az 
With the  specification of 
are obtained: 
and 
dO/ds = 0 and  the  geometry  in  figure 3, the following equations 
” ae - cos @ dB 
az COS(@ - CY) dm 
- 
” ae - sin @ de 
ar cos(@ - 0) dm 
- 
This  case is used  for  backswept  centrifugal  impeller  blades.  This  case is also  used  for 
centrifugal  diffusers,  but  equations (13) to (15) a r e  not used  because the mean  blade 
shape is the  same as the  hub-to-shroud  mean stream  surface. 
The second method of specifying the mean blade shape is specifying 8 as a function 
of the axial distance z. This  case is used  for  radial-element  centrifugal  impellers. 
Therefore, 8 /ar  = 0 and 





Figure 3. - Relationship between coordin- 
ate systems. 
However, when slip  occurs,  that is, when the  mean  stream  surface  deviates  from  the 
mean blade shape, (de/dm)f is known from equation (15). It is assumed  that the mean 
stream  surface  deviates  from  the  mean  blade  shape only in  the  radial  direction.  There- 
fore, ae/az is known (mean blade shape), and 
- az 
= sin a, 
cos a, 
The  numerical  techniques  and  procedures  used  for  the  solution of equations (la), 
(2), and (3) a r e  given  in  reference 1. 
DESCRIPTION OF INPUT 
A description of the input for  the FORTRAN IV computer  program QUAC i s  given in 
this  section.  The  input  quantities  consist  essentially of mass  flow, rotational  speed, 
number of blades,  specific-heat  ratio,  inlet  total  temperature  and  density,  gas  constant, 
loss in total  relative  pressure,  hub-to-shroud  profile,  mean  blade  shape,  and a normal 
thickness  table. Since the  program  does not use any constants which depend on the  sys- 
tem of units  being  used,  any  consistent  set of units  may  be  used. In the following  input, 
each  item  has  units  specified  in both the SI and U. S. customary  systems. 
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The  input  format is shown in table I. The  first  card is a title  card and  this  card 


















number of quasi-orthogonals 
number of streamlines 
number of r-values of TN  in  the  thickness  table 
number of z-values of TN  in the thickness  table 
rotational speed, rad/sec 
mass flow, kg/sec; slugs/sec 
number of full  blades 
specific-heat  ratio ' 
gas constant, J/(kg)(K); (ft)(lbf)/(slug)(OR) 
integer;  used as a code to  indicate how arrays WA, Z, R, and DN a re  given 
initially;  the  integer  values a r e  
0 These quantities will be calculated by the program. 
1 Quantities just computed for previous case will be used for next 
case.  (Used only when more than one case  is  calculated on single 
computer  run. ) 
number of z-coordinates  in  ZT  array 
integer  that will cause  the  program  to  print out certain  values;  used  for  de- 
bugging purposes;  the  integer  values are 




quasi-orthogonal  number  where  blade starts 
inlet total temperature, T;, K; OR 
inlet prerotation, x, m /sec; ft /sec 
inlet  total  density, pi ,  kg/m 3 ; slugs/ft3 




ANGR streamline rotation angle, deg (The streamlines are rotated so  that the slope 
of the  program's  cubic  spline  curve i s  not too  large. G o d  results  are ob- 
tained  from  the  cubic  spline if the  absolute  value of the  slope i s  not greater 
than 1. Recommended angles are as follows: for animpeller, 45'; for a 
diffuser, 90'; and for  an axial-flow compressor, 0'. ) 
KSTH determines the number of times the streamlines are smoothed-for each itera- 
tion (For example, if KSTH = 0, no smoothing occurs. This is the usual 
case (KSTH = 0). ) 
NPRT output control that determines which streamlines are printed out (For ex- 
ample, if NPRT = 1, every  streamline is printed out; and if NPRT = 5, 
every  fifth  streamline is printed out. ) 
ITER number of iterations to be performed after ERROR is less than TOLER or 
after ERROR has  started  to  increase (If ITER = 0, data will  be  printed  for 
every  iteration; if ITER > 0, data will  be  printed only for  the  final  itera- 
tion.  Normally  ITER = 1, but for a first-run  set  ITER = 0 and check  the 
first  few iterations  to  see if the  data  were put in properly. ) 
K D  determines  compressor type (For a backward-swept  impeller, KD = 0; for 
a diffuser and an  axial-flow  compressor, KD = 1; for a radial  element  im- 
peller, KD = 2. ) 
SFACT blade multiplier to allow for splitter blades (For the case with no splitters, 
SFACT = 1.0; and for  the  case with splitters, SFACT = 2.0. ) 
ZSPLIT z-coordinate where splitter blade begins, m; f t  (If there are no splitters, 
ZSPLIT > ZH(MX). ) 
BET0  outlet flow angle, Po, deg 
CORFAC ratio of streamline correction used to calculated streamline correction 
(CORFAC affects  the  stability of the  solution. If too large a value i s  used, 
the new streamlines  are less smooth  than the  previous  ones. If a computa- 
tion is based on this  set of streamlines,  the  calculated  streamline  correc- 
tion  becomes  erratic.  Therefore, it is important  that  the  streamline  cor- 
rection  used  give a smooth  streamline  for  the next iteration.  A  value of 
0.1 i s  recommended. ) 
SSN last quasi-orthogonal  where  smoothing is desired  (For no smoothing, 
zs ar ray  of z-coordinates on shroud of hub-to-shroud  profile  located at quasi- 
SSN = 0. ) 
orthogonal positions (see fig. 4), m; f t  
9 
CZH(1). RH(1)I 
I * z  
Figure 4. - Input nomenclature. 
ZH ar ray  of z-coordinates on hub of hub-to-shroud  profile  located at quasi- 
orthogonal positions (see fig. 4), m; ft 
RS array of r-coordinates on shroud  corresponding  to ZS (see fig. 4), m; f t  
RH ar ray  of r-coordinates on  hub corresponding  to ZH (see fig. 4), m; f t  
THTA ar ray  of e-coordinates (mean blade shape), rad (When KD = 0 and KD = 1, 
8 is constant  along a quasi-orthogonal  and  must  correspond  to  the ZS, 
ZH, RS, and RH arrays. When KD = 2, 8 i s  a function of axial distance z 
and must  correspond  to  the ZT array. ) 
ZT ar ray  of z-coordinates  corresponding  to  the THTA array, m; ft (Only used 
when KD = 2. ) 
TN array of thicknesses  normal  to  the  mean  blade  shape,  tn, m; ft (This  array 
has  z-values of thickness going across and r-values of thickness going 
down the table. Values of thiclmesses and corresponding z-  and r- 
coordinates  should extend beyond all boundaries of hub-to-shroud  profile 
so that valid  interpolation  can  be  done  in the program. ) 
xz ar ray  of z-coordinates  for  thickness  table (TN), m; f t  (The  z-coordinates 
increase going across the  table  for a given  r-coordinate. ) 
XR array of r-coordinates  for  thickness  table (TN),  m; f t  (The  r-coordinates 
increase going down the  table  for a given  z-coordinate. ) 
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INSTRUCTIONS FOR PREPARING INPUT 
Theta  Constant  Along a Quasi-Orthogonal 
After  the  hub-to-shroud  profile  has  been  specified  (fig. 5), the  mean  blade  shape i s  
determined. The angular coordinate of the mean blade shape 8 is specified as a func- 
tion of the  meridional  distance  m  for  the hub and the  shroud, as shown in  figure 6. 
Values of 8 that are spaced  to  give good results  from a cubic  spline  used  in  the  program 
a r e  selected. For a given value of 8, the  meridional  distances are determined  for  the 
hub and shroud  from  figure 6. These  meridional  distances are then  converted  to  the 
r 
A 
- 2  
Figure 5. - Hub-to-shroud profile. 
m S  mh 
Figure 6. - Hub  and  shroud  mean  blade shape. 0 = Oh). 
proper z- and r-coordinates. Therefore, the z- and r-coordinates for the end points 
of a quasi-orthogonal have been determined. These are the quantities 8, rs, zs, rh, 
and Zh that are put in the program. The maximum number of quasi-orthogonal al- 
lowed is 21. 
Theta  Not  Constant  Along a Quasi-Orthogonal 
This  case is used  for a radial  impeller.  The  quasi-orthogonals are arbitrarily 
selected on the  hub-to-shroud  profile.  They  should  be  selected so that  the  program's 
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cubic  spline  curve wil l  fit them  smoothly.  The mean  blade  shape is determined by spec- 
ifying 0 as a function of the axial distance z, as shown in the third numerical example 
(p. 18). MT is the number of 0 -values used. It should, also, be noted that KD = 2 for 
this  case. 
Smoothing of Streamlines 
If the  streamlines  are not smooth, a smoothing  routine  can be used. KSTH i s  the 
number of times  the  streamlines are smoothed,  and SSN is the last quasi-orthogonal 
where smoothing occurs. For an  impeller,  the  streamline smoothing can take place 
only in  the area shown in figure 7. It cannot  take  place  in  the  other  region  because of 
the  methods  used. A recommended  value  for KSTH for  smoothing i s  4. 
r 
n 
I - 2  
Figure 7. - Streamline smoothing region for centrifugal impeller. 
Another  method of smoothing  the  streamlines is to put quasi-orthogonals  upstream 
of the impeller.  The  mean  blade  shape i s  extended  into this  region with the  requirement 
of a negligible  blade loading. These  upstream  quasi-orthogonals  will allow a smoother 
transition  into  the  impeller. For this  case, MXBL is set equal  to the quasi-orthogonal 
number where the blade starts. The first numerical  example (p. 14) uses both these 
techniques. 
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DES CRI PTlON OF OUTPUT 
An example of the output from  the  program is shown in  table lI. This output is in 
U. S. customary  units.  Each  section of the output has  been  numbered  to  correspond  to 
the following description: 
(1) The first output of the  program is the input. 
(2) Output 2 gives  the  stagnation  speed of sound at the  inlet  in  meters  per  second 
(ft/sec);  the  radius at which the  mean  stream  surface  deviates  from  the  mean  blade 
shape (FU3) in meters (ft);  and a list of the  number of iterations  required  to obtain a so- 
lution with the  corresponding  maximum  streamline  change in meters (ft). 
(3) Output 3 gives  some of the  important  quantities  used  in  the  calculation  procedure 
which are also  useful  for debugging purposes.  This output is given for  every  streamline 
printed out. Streamline 1 is at the hub and streamline 21 is at the shroud. The number 










angle  between  meridional  streamline and z-axis, deg 
curvature of meridional streamline, m-'; f t -  
meridional distance, m; f t  
flow angle, p, deg 
tangential blade thickness, m; f t  
1 
A, eq. (2) 
c, eq. (2) 
B, eq. (2) 
D, eq. (2) 
(4) Output 4 gives  the  velocities  and  pressure  for  every  streamline  printed out. 








z-coordinate, m; f t  
r-coordinate, m; f t  
relative  velocity on mean  stream  surface,  m/sec;  ft/sec 
static pressure, N/m2; -lb/ft2 
suction-surface velocity, m/sec; ft/sec 
pressure-surface velocity, m/sec; ft/sec 
total relative temperature, K; OR 
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(5) Output 5 gives  the  stream-channel  coordinates  and  the  blade  shape  coordinates 
for the hub, mean, and shroud. Only the shroud information is shown here. This infor- 
mation is used  to  determine  the  blade-to-blade  loading  from  reference 2, 3, or  4. The 
M ARRAY, R ARRAY, and the  stream-channel  normal  thicknesses in the  meridional 
plane are in meters (ft); and  the THETA ARRAY, the  angular  coordinates of the  blade 
shape, is in radians. 
STGR angular distance from center of trailing-edge  circle of blade to center of 
leading-edge  circle of blade, rad 
RI leading-edge  radius, m; f t  
RO trailing-edge  radius, m; f t  
For  the  case with splitters,  the following additional output is given: 
MLER distance from leading edge of blade to leading edge of splitter, m; f t  
STGRS angular  distance  from  center of trailing-edge  circle of splitter to center of 
leading-edge  circle of splitter, rad 
RI leading-edge  radius of splitter, m; f t  
RO trailing-edge  radius of splitter,  m; f t  
BETAS flow angle at leading edge of splitter,  deg 
(6) Output 6 gives the inlet flow angle for the hub, mean, and tip, in degrees.  These 
angles  are  calculated  inside  the  blade  passage. 
NUMERICAL EXAMPLES 
To  indicate  the  use of the  program  and  the  results  obtained,  three  numerical  ex- 
amples are given.  The first  example is a backward-swept  centrifugal  compressor  rotor, 
the  second is a centrifugal  compressor  diffuser,  and the third is the input for a radial 
compressor. All examples a r e  in U. S. customary units. 
Backward-Swept  Centrifugal  Compressor 
This  compressor has  a 6-to-1  pressure  ratio.  The  hub-to-shroud  profile of the  im- 
peller is shown in figure 8. The mean blade shape is given in  figure 9, where 8 is 
specified as a function of the meridional distance m for the hub and shroud. The quasi- 
14 
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Figure 8. - Hub-to-shroud profile of backswept impeller. 
3 
I I I 
. 1  . 2  . 3  . 4  .5 
Meridional  streamline  distance, m, ft 
Figure 9. - Mean blade shape of backswept impeller. 
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orthogonals shown in  figure 8 depend on the  mean  blade  shape  in  figure 9 because - e is 
constant  along a quasi-orthogonal. It will be noted  that  in th i s  example  three  quasi- 
orthogonals were put upstream of the  impeller.  This was done  to  allow a smooth flow 
transition  into  the  impeller  because of the low inlet  hub-to-tip  radius  ratio  and  the high 
rpm. Streamline smoothing was  also used. MXBL was set equal to 4, SSN set equal to 
8.0, and KSTH set equal to 4. The input for  this  case is given in table III. The mean 
stream  surface  relative  velocities are plotted  in  figure 10 for the hub, mean, and shroud 
streamlines.  The  velocity  change  near the impeller  inlet was due  to the blade  blockage. 





0 . I  . 2  . 3  . 4  . 5  
Meridional streamline distance, m. ft 
Figure 10. - Relative  velocities in meridional plane of backswept impeller. 
The  blade  shape  coordinates  and  the  stream-channel  normal  thickness needed for  calcu- 
lating the  blade loading from  reference 2, 3, o r  4 a r e  given  in  table IV for  the  mean 
streamline.  These  results  are  also obtained for  the hub and shroud streamlines, but 
they a re  not shown here. 
A flat-vaned  diffuser  for a centrifugal  compressor was designed  to have a  linear 
static-pressure  gradient  from  inlet  to  outlet.  The  meridional  profile  is shown in fig- 
ure 11. The angular coordinate of mean blade shape 8 i s  given as a function of the me- 
16 
I 
dr thogona ls  
- 
.Ol .02 .03 
Axial  distance. z, ft 
Figure 11. - Hub-to-shroud profi le of compressor diffuser. 
Meridional  streamline  distance,  m,  ft 
Figure 12. - Mean blade  shape for compressor diffuser. 
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ridional distance m in figure 12. The quasi-orthogonals shown in figure 11 depend on 
the mean blade shape in figure 12 because 0 is constant along a quasi-orthogonal. The 
input for  this  case is given  in  table V. The  mean  stream  surface  velocities and the  ap- 
proximate  blade  surface  velocities  are plotted  in figure 13 for  the hub, mean, and  shroud 
streamlines.  The  blade  shape  coordinates  and  the  stream-channel  normal  thickness 
needed for  calculating the blade loading from  reference 2, 3, or 4 are given in table VI 
for  the  mean  streamline. 
Radial Impeller 
This  example i s  used  to  indicate  the  different input required. A hub-to-shroud pro- 
file is given  in figure 14. The  quasi-orthogonals  for  the  profile shown are  arbitrary and 
do not depend on the  mean  blade  shape;  that is, 0 is not  constant  along a quasi- 
Suct ion 
surface 
Mean  stream 
surface 
CI 
\ Pressure surface 
-2Wo 
.02 .M .06 .08 .10 
Meridional  streamline  distance, m, R 
Figure 13. - Blade loading diagram for hub and shroud of 
compressor diffuser. 
I 
J .1 . 2  
Figure 14. - 
Axial  distance, z, ft 
Hub-to-shmud profi le of radial impeller. 
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Axial  distance, z, ft 
Figure 15. - Mean blade  shape  for  adial  impeller. 
orthogonal. The mean blade shape is put in as a function of the  axial  distance z, as 
shown in figure 15. Sample input is shown in table VII. The output obtained is the same 
as in the  other  examples. 
PROGRAM DESCRIPTION 
Main Program QUAC 
The  main  program QUAC contains all the  equations  given  in  the method of analysis 
and  makes  the  majority of the calculations. It will  be noted that K i s  used  for  the 
streamline number and I i s  used for the quasi-orthogonal number. QUAC calls the 
subroutines RUUT,  SMOOTH, INTGRL,  CONTIN, SPLDER, SPLINE, LININT, and 
SPLINT to  perform  various  functions  such as smoothing, finding roots, integration, in- 
terpolation, and use of a cubic spline curve to determine derivatives. These subroutines, 
excluding RUUT and SMOOTH, are  described  in  reference 1. A brief  description of each 
is given  herein. 
The  program  variables  for QUAC a r e  
A  temporary  storage






























temporary  storage 
temporary  storage 
meridional  length  from  leading  edge 
CY 
see input 
MLER (see output) 
see input 
see input 
temporary  storage 





exit  blade  angle at hub 
exit  blade  angle at mean 
exit  blade  angle at tip 
temporary  storage 
cos a 
cos p 





Pt - PI 
C 
P 
































distance  along  quasi-orthogonal  from hub 





de/dm at splitter leading edge 
dWm/dm 
dWe/dm 
temporary  storage 
maximum  calculated  streamline  correction  for  present  iteration 
ERROR from  previous  iteration 
M Y  - 1) 
temporary  storage 
Y 
increment along quasi-orthogonal in r-direction 
increment  along  quasi-orthogonal  in  z-direction 
subscript  to  indicate  number of quasi-orthogonal 
code  number  for  use  by  subroutine CONTIN 
set  equal  to 1, when (ZH - ZS) = 0 
see output 
subscript  used  to  indicate  streamline  number 
see input 
see input 





































N + l  








average  exit  radius 
see input 
Pf 
leading-edge  radius 
leading-edge  radius of splitter 
trailing-edge  radius 
see input 
r-coordinate at leading  edge of splitter 
run  number 
A, eq. (2) 
sin a 
c, eq. (2) 
sin P 
P, eq. (2) 
D, eq. (2) 
see input 
average  distance  between  streamlines on a quasi-orthogonal 




























meridional  distance  from first quasi-orthogonal to quasi-orthogonal  that is be- 
fore point where  stream  surface  deviates  from blade surface 
meridional  distance  from first quasi-orthogonal  to a quasi-orthogonal  that is 
after point where  stream  surface  deviates  from blade surface 
fractional  meridional  distance 
meridional  distance  from first quasi-orthogonal  to  trailing  edge of blade 
meridional  distance  from first quasi-orthogonal  to point where  mean  stream 




tn (interpolated  value) 
tan 43 





mean blade shape 8-coordinate at hub 
temporary  storage 
blade shape, 8-coordinate a t  hub on surface 1 
8-coordinate  at hub on blade  surface 2 
8-coordinate of mean  blade  shape  at  mean 
temporary  storage 
8-coordinate at mean on blade  surface 1 
8-coordinate at mean on blade  surface 2 
8-coordinate of mean  blade  shape at shroud 
temporary  storage 
8-coordinate at shroud on blade  surface 1 


































iteration  tolerance 







W*, eq. (13) of ref. 1 
W**, eq. (13) of ref. 1 
total  mass flow 
calculated total mass between hub and K streamline th 
wn 
Wt, eq. (10) of ref. 1 (suction-surface velocity) 




average weight flow per  unit  length  crossing a quasi-orthogonal 
temporary  storage 
temporary  storage 
temporary  storage 
Z 







Subroutine RUUT finds  the  root  between two given  points. It is used  to find the  me- 
ridional  distance  where  the  mean  stream  surface  deviates  from  the  mean  blade  shape 
when the  radius  at which this  occurs is given. If the  root  cannot.be found within the  tol- 
erance, a message is printed out and  the input arguments are listed.  If-there is trouble 
in finding a root, set SRW = 21  in  the input  and all the  input  to  the  subroutine wi l l  be 
printed out. 
The  calling  sequence  for RUUT is 
CALL RUUT(SM1, SM2, RB, SMRB, SM( 1, K), R( 1, K), MX) 
meridional  distance of quasi-orthogonal  before  point  desired (input) 
meridional  distance of quasi-orthogonal  after point desired (input) 
radius at point desired (input) 
desired  meridional  distance  (output) 
array of m-coordinates (input) 
array of r-coordinates (input) 
number of r-coordinates (input) 
Subroutine SMOOTH 
Subroutine SMOOTH smoothes  the  streamlines  to  obtain a better  numerical solution. 
It uses the hub streamline as the base  streamline  for  the smoothing  operation. 
The  slopes of the  quasi-orthogonals a r e  
ysI - yhI 
m, = 
xsI - XhI 
and  the streamline  slopes are 
YI+1 - YI-1 
xI+l - 1 
?.( = (2 3) 
25 
where K is the streamline number and I is the quasi-orthogonal number. The x-y 
coordinates of an  intersection  can now be  determined.  From  analytical  geometry, 
The smoothed x-coordinate is 
where D is the smoothing factor. The smoothed y-coordinate is 
and 
y I = y  hI + m  I( x l1 - XhI) 
= 




The  value of D is 2 for all quasi-orthogonals  except for the last-three, where 
smoothing occurs. The values of D for these three are 2.6667, 4.0, and 8 . 0 ,  respec- 
tively. This w a s  done so that  there would not be  any  discontinuities when only certain 
sections of the streamlines are smoothed. 
The  calling  sequence for SMOOTH is 
CALL SMOOTH(Z( 1, K), R( 1, K), ZH, RH, A B ,  SSN, INF) 
where 
z( 1, K) z-coordinate of streamline 
R( 1, K) r-coordinate of streamline 
ZH z-coordinate of hub streamline 
RH r-coordinate of hub streamline 
AB slope of quasi-orthogonals, mI 
SSN last  quasi-orthogonal  where  smoothing is  desired 
INF indicator for quasi-orthogonals with a slope of infinity 










smoothing  factor 
slope of quasi-orthogonals, mI 
streamline slope, mK 
z-coordinate of streamlines 
z-coordinate of hub streamline 
z-coordinate of smoothed streamline 
r-coordinate of streamlines 
r-coordinate of hub streamline 
r-coordinate of smoothed  streamline 
27 
Other  Subroutines 
Subroutines INTGRL, CONTIN, SPLDER, SPLINE, LININT, and SPLINT are de- 
scribed  in  reference l. INTGRL is used  for  numerical  integration. CONTIN is used  to 
determine  the hub velocity  for  the  next  continuity  iteration. SPLDER is used  to  deter- 
mine  the  values of the  derivatives  at  the  specified  interpolated  points. SPLINE is used 
to  determine  the first and  second  derivatives. If there is a problem with the SPLINE 
subroutine, set SRW = 13'in  the input  and the input  and  output of the SPLINE subroutine 
will  be  printed out. LININT is used  to  determine  the  interpolated  values of the  normal 
blade thickness from the  given thickness table. SPLINT is used for interpolation. The 
input  and  output data  for SPLINT will  be  printed out if SRW = 16. 
PROGRAM LISTING 
S I R F T C  C L ' A C  DECK 
28 
UTCLER = WT/100000. 
TCLER = (RS(l)-SH(1))/5000. 
IF(RS(l).EC.RH(L)) TOLER=  (ZH(l)-ZS(1))/5000. 
DC 11C K = l r K M X  
R4(1)=0. 
DC 120 K=ZrK?'X 
1IC S t ' ( ' l r K ) = C .  
12C B A ( K )  = FLCAT(K-l)*WT/FLOAT(KMX -1) 
nc 13C I = l T p X  
13C Ch! ( I 1-1 ) = C  
A h G R  = AhGRf57.29577 
145  CChTIhUE 
CI = SQRT(CAM*AR*TEMP) 
WRITE(6r1049) 







C EhC nF @LADE  SURFACE  VELOCITY  CALCULATIONS 
C S T A R T  CALCULATION OF  WEIGHT FLOW V S o  DISTANCE FROM  HUB 
L 
C E h r  C F   L C L l P  - WEIGHT  FLnW  CALCUL4TION 








1 0 3 2  
1 0 3 3  
1 0 3 4  
1 0 3 5  
’ 1 0 3 6  
1 0 3 7  
I Q 3 P  
1 0 3 9  
1 O W  
1 2 0 0  
1 3 0 1  
1 2 0 2  
1 2 3 C  
1 2 3 9  
1 2 4 C  
1 2 4 9  
1 2 5 c  
1 2 5 2  
1 2 5 3  
1 2 5 4  
1 2 5 5  
1 2 5 1  
F C Q w d T f  1 F O p 5 X ~ R H R S  A R R A Y  1 
F C R t ’ d T ( l b O * S X t P H 4 H   A P S A Y )  
F G Q C A T ( l F O * S X , l O ~ T H T A  A R R A Y )  
F O R Y A T ( l F O * l S X ~ Z l H R L A D E   T H I C K N E S S   T A B L E )  
FCRPATI  lF !3 r5Y*RHTh!  A R f 7 A Y )  
F C R P b T ( l F O * 5 X * 7 H Z  A R R A Y )  
F O R C l T l l k 0 * 5 X + 7 H R  A R R A Y  1 
F C Q w A T t  l F 0 9 5 X 9 8 H Z T  A r l R A Y  
F C R p b T (   1 F l )  
F C P ~ b T ( 1 ~ 1 , 2 0 X , 3 H H U e )  
F C R ~ b T ( l F l r 2 0 X 1 4 H M E n N )  
FOQYAT I l+ 1 * 2 0 X *  6wSHROUD 1 
FCRk’bT( lk r S G l 6 . 7 1  
FCRCbT11FOt26HSTREAM-CHANNEL COORDINATES) 
F C R C ~ T ( ~ ~ O I ~ ~ H S T ~ E ~ ~ - ~ H A ~ N E ~  NORMAL THICKV SS)  
F O R V A T (  l b Q 9 7 H R  A R R A Y  1 
F C R C ~ T ( ~ F O I ~ ~ H B L A D E  COORDINATES) 
F C R V A T ( l F O * ? H M   4 R R A Y I  
F O R w A T ( l b 0 * 2 7 H T H E T A  A R R A Y  BLADE  SURFACE 1) 
F C R P b T ( l b 0 * 2 7 H T H E T A  A R R A Y  BLADE  SURFACE 2 )  
FCRwAT. f lFO*hHSTGR  = rG13 .5 ,3Xv4HRI   = rG l3 .5 *3X*4HRO  = rG13 .5 )  
F C R t ’ b T ( 1 ~ 0 * 9 H S P L I T T E ~ S ~ 4 X * 6 H ~ L ~ R  = * G 1 3 . 5 * 4 X * 7 H S T G R S   = ~ G 1 3 . 5 ~ 4 X *  
Eh I l  
1 4 H R I   = * G 1 3 . 5 , 4 X ~ 4 H R O   = r G 1 3 . 5 * 4 X * 7 H B E T 4 S   = * G 1 3 . 5 )  
S l B F l C   R U L T  C E C K  
S U B R C C T I h E   R U U T ( A * ~ I Y ~ X * S M , S * M X )  
C 
C RCCT FIKCS C R C O T  FGR ( F X - Y )  IN THE  INTERVAL  (AvB)  
CCCCCN SPW 
I h T F G E R  C R W  
D I C F h S I C h   S P ’ ( 2 1 ) 1 R ( 2 1 )  
TCLERY = Y / 5 @ 0 0 0 .  
I F  ( S R W . E C . 2 1 )  W Q I T E ( 6 * 1 0 0 0 )   A r B , Y v T O L E R Y  
X 1  = A 
CALL SPLIhT ( S M g R * M X * X l V l * F X l )  
I F  ISRW.FG.21) W 9 I T E 1 6 ~ 1 0 1 0 1  X l r F X l  
x 2  = i? 
x = ( X l + > 2 ) / 2 .  
C b L L   S P L I N T   ( S M * R , M X t X * l r F X )  
I F  (SRW.EC.211 W R I T E ( 6 * 1 0 1 0 )   X * F X  
I F   ( ( F X l - Y ) * ( F X - Y ) , G T . O . )  GO TO 20 
x 2  = x 
GC T C  30 
2 0  x 1  = x 
F X l  = FX 
3 c  C C h  T I h U E  
I F ( A P S ( Y - F X ) . L T . T O L E 4 Y )  RETURN 
W R I T E  ( 6 * 1 @ 2 O ) A r P r Y * F X * X  
R E T L P K  
L O  C C  3C I = l r 1 5  
l C O C  FCRPAT ( 3 2 P l I N P U T  4RGUMFNTS FOR  ROOT A =G13 .5*3X*3HB  = rG13 .5*  
1 3Xp3HY  =rG13.5*3X*8HTQLERY = *  G 1 3 o 5 / 1 6 X * l H X * 1 7 X * 2 H F X )  
l O l C  F C R C 4 T ( 8 r , G 1 6 . 5 * 4 G l R . 5 1  
1020  FCRCbT121HROOT CUT OF T O L E R A N C E * 2 X * 3 H A   = * G 1 6 0 5 r 2 X * 3 H B   = r G 1 6 . 5 * 2 X *  
1 3 H Y   = . ~ G l C - 5 * 2 Y * 4 H F X   = * G 1 6 . 5 r Z X * ? H X   = ~ G l 6 . 5 )  
E K C  
37 







1 0  
20 
S I e F T C  IhTGRL D E C K  
38 
8LRF’ IC C C h T I N   C E C K  
39 
2CC S P E E C ( 2 )  = WA 
S P E E C ( 3 )  = S P E E D I I )  
W E I C P T ( 2 )  = WTFL 
W E I G F T ( 3 )  = W E I G P T ( 1 )  
WA = S P E E G ( 1 )  
RETLRh 
S P E E C I l )  = ZoO*WA-SPEED( 1) 
2 f C  WEICI-T ( 1  1 = WTFL 
I F  ( kTFLoGEoWT)  GO TO 140 
I F  ( k E I G ~ T ( l ) - W E I G H T ( 2 ) )  23093909220 
22C W E I G F T ( 3 )  = W E I G P T ( 2 )  
W E I G k T ( 2 )  = W E I G P T ( 1 )  
S P E E E ( 3 )  = S P E E D I 2 )  
S P E E C I Z )  = S P E E O ( 1 )  
S P E E C ( 1 )  = 2.O+SPEEf l (2) -SPEEC(3)  
kA = S P E E O I l )  
RETURN 
23C I F  (SPFEC(31-SPEEC(L)-lOoO) 17091709240 
24C I N C  = 4 
25C WA = ( Z P E € C ( l ) + S P E E D ( Z ) ) / 2 . 0  
2 4 5   I F   ( k E I G ~ T ( 3 ) - W E I G H T ( l ) )   2 6 0 9 2 6 0 9 2 5 0  
RETCRh 
RETCRh 
26C W A  = ( S P E E C ( 3 ) + S P E E D ( 2 )  ) /2 .0  
27C IF (SPEEC(3)-SPEED(l)-lO.O) 17011701280 
?@C IF ( h T F L - W E I G H T ( Z ) . )   3 2 0 , 3 5 0 9 2 9 0  
29C IF ( k A - S F E E D ( 2 ) )   3 L 0 9 3 0 0 9 3 0 0  
3 C C  S P E E C ( 1 )  = S P E E D ( 2 )  
SPEECC2) = W A  
k ' E I G H T ( 1 )  = WEIGHT(.?) 
W E I G P T ( 2 )  = WTFL 
GC TC 2 4 5  
31C S P E E C ( 3 )  = S P E E D I Z )  
S P E E C f 2 )  = W A  
W E I G P T ( 3 )  = W E I G H T ( 2 )  
W E I G P T ( 2 )  = WTFL 
GO TC 2 4 5  
32C I F  ( W b - S F E F D ( 2 ) )  34093309330 
3 3 C   W E I G P T ( 3 )  = WTFL 
S P E E C t 3 )  = W A  
GO TC 2 4 :  
3 4 C   W E I G F T ( 1 1  = WTFL 
S P E E C ( 1 )  = WA 
GC TC 245 
3 5 c  IKC = 5 
36C S P E E C ( 1 )  = S P E E D ( 2 )  
I ' F   ( h A - S F E E D ( 2 ) )  38093609360 
W E I G F T ( 1 )  = GJEIGFT(2)  
HA = S P E E D ( ? )  
RETURN 
W E I G P T ( 2 )  = WTFL 
W A  = ( S P E E C I 1  ) + S P E E D l 2 )  I l 2 . 0  
RETCRR 
S P E E C ( 2 )  = ( S P c E C ( l ) + S P E E D ( 3 ) ) / 2 0 0  
37c I N C  = 4 
38C I h C  = 5 
39C h ' F I G F T ( 3 1  = W E I G H T ( 2 )  
S P E E t ( 3 )  = SPEED121 
S P E E C ( 2 )  = ( S P E E ~ ( l ) ~ + S P E E D 1 3 ) ) / 2 .  
k d  = S P E E D ( 2 )  
RETLRh 
Ehr, 
l r jCC FCRWAT ( / 1 2 H  F I X E D   L I N E   I 2 9 l Z H 9  M A X  WT = F10.61 
40 
SLRF'IC SFLIkE DECK 
4 1  
42 
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Lewis  Research  Center, 
National  Aeronautics  and  Space  Administration, 



































coefficient, eq. (2) 
coefficient, eq. (2) 
coefficient, eq. (2) 
specific heat, J/(kg)(K); (ft)(lbf)/(slug)(OR) 
coefficient, eq. (2) 
enthalpy, J/kg; (ft)(lbf)/slug 
meridional streamline distance, m; f t  
number of blades 
loss  in  relative  total  pressure, N/m2; lb/ft 
gas constant, J/(kg)(K); (ft)(lbf)/(slug)(OR) 
radius  from axis of rotation, m; f t  
radius of curvature of a meridional  streamline, m; ft 
distance along a quasi-orthogonal, m; ft 
temperature, K, OR 
blade  thickness  normal  to  mean  blade  shape, m; f t  
blade  thickness in tangential  direction, m; f t  
absolute velocity, m/sec; ft/sec 
relative velocity, m/sec; ft/sec 
mass flow, kg/sec; slugs/sec 
axial distance, m; f t  
angle  between  meridional  streamline  and  z-axis,  rad 
angle  between  relative  velocity  and  meridional  plane,  rad 
ratio of specific  heats 
angular coordinate, rad 
inlet prerotation, m /sec; f t  /sec 
density, kg/m3; slugs/ft  3 
angle  between  quasi-orthogonal  and  radial  direction,  rad 























leading  surface 
direction of meridional  streamline 
normal  direction 
outlet 
shroud 
trailing  surface 
tangential  direction 
Superscripts: 
1 absolute  total  conditions 
relative  total  conditions 1 1  
46 
REFERENCES 
1. Katsanis, Theodore: Use of Arbitrary Quasi-Orthogonals For Calculating Flow Dis- 
tribution In the  Meridional  Plane Of A Turbomachine. NASA TN D-2546, 1964. 
2. Katsanis, Theodore; and McNally, William D. : Fortran Program For Calculating 
Velocities And Streamlines On A  Blade-To-Blade  Stream  Surface Of A Tandem 
Blade Turbomachine. NASA TN D-5044, 1969. 
3. Katsanis, Theodore; and McNally, William D. : Revised Fortran Program For Cal- 
culating  Velocities And Streamlines On A  Blade-To-Blade  Stream  Surface Of A 
Turbomachine. NASA TM X-1764, 1969. 
4. Katsanis, Theodore: Fortran Program For Calculating Transonic Velocities On A 
Blade-To-Blade Stream Surface Of A Turbomachine. NASA TN D-5427, 1969. 
5. Stanitz, John D. ; and Prian, Vasily D. : A Rapid Approximate Method For Determin- 
ing Velocity Distribution On Impeller  Blades Of Centrifugal  Compressors. NACA 
TN 2421,  1951. 
47 
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T A B L E  1. - INPUT FORM FOR QUAC 
5 10 15 20 21 30 31 40141 50p"-"60)m r\H I 
TITLE 
" _ _ _ ~ ~ ~ - ~  ~~ - 
-___ ~ _ _ _ ~ _ _ ~ _ _  ~~~ 
MX ClAbl XN W T   W  M Z  X1 R YblX 
T Y P E  A s t i l l  PLOSS RHO A  Lhl TEMP n l x n L  SRW M T 
KSTH SSK C O R F A C   B E T 0  Z S P L I T   S F A C T  Kz) ITER NPRT 
ZS ARRAY 











I ,.I I I I. 
k 
TABLE 11. - SAMPLE OUTPUT 
I P P E L L E R  4 Y E  S - 1 A 3  B 
RUY h C .  1 I N P U T   C A T A   R D   L I S T I N G  
P) l  ,KYX V G  C Z  W WT X N  
13 21 5 6  7P53.9R 0.62160E-01 15-COO0 






S S N  
T Y P E   Y T  S R k  Y X R L   T F M P  
-a -0 -0 4 51~.7no 
A L M  
-0 
K S T k   N P R T   I E P  K O  S F A C T  
4 5 1 -0 2.00000 0.12500 
Z S P L   I T  
Z S  A R R b Y  
-0.7543CE-01 -0.50000E-01 -0.25OOOF-01 
0.S7583E-01  0.13142  0.16958 
ZH A R R b Y  
-0.75430E-31 -0.50000E-01 -0.25000E-01 
C .I5575  0.18433 0.20 co 





C.42375E-01  0.42375E-01  0.42375E-01 
R H   A R P A Y  
o.e5655~-01 0.12620  0.17845 
T H T A   A R R A \  
- I .  l00CC -1.30000 
0.69770 1 .c8290 
-1.50000 
0.33800 
B L d C E  T F I C K N E S S   T A R L E  
TF: A R R A Y  
C.41670E-02 0.5OOOOE-02 0.58330E-02 
Cm3125CE-02 0.37500E-02 0.43750E-02 







RPl r l  
0.2377OE-02 1622.80 
P L O S S  
-53.9500 



















































0.14170 0.18333 0.20833 
0.4167CE-Q1 0.91580E-01  0.14125 
R A R R A Y  
0.20833 0.25417 
STAG.  S P E E C  C F   S O U N C  
R R  = C.21747 
I T E R A T I C Y  h 0 .  1 
I T E R A T I C Y  hO. 2 
I T E R A T I C Y  he. 4 
I T E R b T I C Y  h C .  6 
I T E Q A T I C N  hO. 5 
I T E R A T I C N  h C .  7 
I T E R A T I C Y  h O .  8 
I T E Q b T I C ' I  h C .  9 
I T F R A T I C V  h O .  10 
I T E Q A T I C N  hO. 12 
I T E R A T I C V  hl?. 13 
I T E R A T I C U  h 0 .  14 
I T E R P T I C N  hC.  16 
I T E R b T I C Y  h C .  1 5  
I T E R A T I C Y  h C .  17 
I T E R A T I C Y  h 0 .  18 
I T F R A T I C N  h C .  20 
I T E R A T I C N  hC. 19 
ITERATICN nc. 3 
ITERATICY nC. 1 1  





















MA-X. S T R E A M L I N E  C H A N G E  = 
MAX. S T R E A M L I N E  C H A N G E  = 
MAX. S T R E A M L I N E  C H A N G E  = 
MAX. S T R E A M L I N E  C H b N G E  = 
MAX.  S T R E A M L I N E  C H A N G E  = 
MAX. S T R G A M L I N E  C H A N G E  = 
MAX. S T S E A M L I N E  C H A N C E  = 
MAX. S T R E A M L I N E  C H h N G E  = 
MAX. S T R E A M L I N E  C H A N C E  = 
MAX. S T R E A M L I N E  C H A N G E  = 
MAX. S T R E A M L I N E  C H A N G E  = 
MAX.  S T R E A M L I N E  C H A N G E  = 
M 4 X .  S T R E A M L I N E  C H A N G E  = 
MAX. S T R E A M L I N E  C H A N G E  = 
MAX. S T R E A M L I N E  C H A N G E  = 
MAX. S T R E A M L I N E  C H A N G E  = 
MAX.  S T R E A M L I N E  C H A N G E  = 
MAX. S T R E A M L I N E  C H A N G E  = 
MAX.  S T Q E A M L I N F  C H A Y G E  = 
MAX. S T R E A M L I N E  C H A Y G E  = 
49 




I T E R I T I C N  hO. 67 
S T R E b P C I h E  1 











e 8 . 2 1 8 5 ~  
e5.266557 






































































































































































































































































































































































































































TABLE TI. - Concluded. SAMPLE OUTPUT 
5 
SHRCI IO 
STRECP-Ct 'DhKEL  CCCROINbTES 
C A R R A Y  
-C.75430COE-C1  -0.5000000E-01 
C.1332545  0.179312  
R A R P L Y  
C.14125CO 0.1412500 
0.15712CO 0.1829100 




M A R P P Y  
-C.7543000E-C1  -0.5000000E-01 
C.1332545  0.1793122 
T H E T l  A R R L Y  P L I D E   S U R F L C E  1 
0 0 
-1.2762059  -1.4772978 




























STGR e -1.73352 R I  = 0.10415E-02 RO = 0.90280E-03 































IN L E T  LNGLES - H U B  -30.709 MEAN -53.791 SHROUD -60.95 
O.llR15E-02 RO = 0.90280E-03  BETAS = - 3 8 . 2 8 4 1  



















S F A C T  
1.0  
W T 













D E 7 0  
-53 85 
. 0 0 ~ 2 0 n  
















. .  
.042375 






-1 .750  





0054 1 7 
20H33 









. I 8333 

















TABLE IV. - STREAM-CHANNEL AND BLADE COORDINATES FOR BACKSWEPT IMPELLER 
N E  AN 
S T R F b P - C k b b h t L  C C C R O I N A T E S  
M D R R A Y  
-C.754t577i-C1 -0.50017C5E-01 
C .16CC365 0.2CL!32P3 





S T R E b P - C l - 8 h h F L   N C R M A L  T H I C K N E S S  
C.43587t2E-C2 0.4259891E-02 
0.258777CE-C2 0.1492610t-02 
B L P C E  C C C R C l N l l t S  
C A R R b Y  
-C.754t577E-C1 -0.50017C5E-01 
0.16CC369  0.2 83283 
T H E 1 8   A R R A Y  O L b C E  S U R F A C E  1 
C 0 
-1.2663478  4700142
THETC P R P b Y  P C C C E  S U R F A C E  2 
0 0 

























































TABLE V. - INPUT FOR QUAC FOR FLAT-VANE DIFFUSER 
- ~ . "" ~ ~ ~ 
_ ~- ~ 
,0089470 
,00996 ,0105 ,01078 
00882 .DO607 
1711 A I I l t A Y  
. 1917 1958 
. 2 4  I i , 2500 
TII'I'A A I t I t A Y  
0 .051G6 
3722n ,40823 
" .  





























0 0 2 i  
no25 
11n2-) 
~ " .~ 
12 i. At< 
S T K E ~ t " C k ~ h h r . L  CLCRUIrJfiTFS 
P a H w m Y  
I: iJ.4 1 C r ) O C  15-02 
C.5"3cC;Cl"C I 0.656c,f;CoF-lil 
R A H R l l Y  
C.1417CCC; rj.175flrC:I 
C.25CCCl'C 0.2c;P:0co 
STPEAP-CkPhhKL h C R t ' A L  T P I C K ' J E S S  
CSS114576k-C3 C .  T'i4odC3E-03 
0.551!153:--C3 1).h>4t;')',HC-G3 
HLACE CCLPCl l Ib lEs 
P A R I I A Y  
C 0.41COOClF-02 
C.583CCCCL-Cl O.hh6CCCOe-01 
THETC b R P b Y  tILCC€ SURFACE 1 
C 0.5C948?8F-O1 
C.39R7?S4 3.i 30746 1 
THETP A R R I Y  r4LCCE SURkPCE 2 
0 
C.3844C!I 
0 .1S i5362E-01  
0.4173164 
TABLE VI. - STREAM-CHANNEL AND BLADE COORDINATES FOR DIFFUSER 








































T A D L E  VII. - INPUT FOR QUAC FOR RADIAL IMPELLER 
._ 
5 I U  1 -1 20 21 30 31 40 I 4 1 "  GO (:I 
_ _ _ ~ -  
T1.r LE in I 
I ~ A I N A I  l M l ~ E l . L L l f  
h.1 x tiAh1 xs WT W n u  a11t KhIX 
10 
AXGIl 1'1 0 s  RllO A L h l   T E M P  l l X l l L  SllW hl l '  'r Y 1'E 
I 2 4 6  I 1. Iifii 1 5 .  0 .018915  4031.7 10 6 21 
0 
n I - 2 1  0 . 16 1 . 0  2 1 5 0 
SSK COIlFAC nETO  ZSPLIT S F A C T  KD I l E l l  KPIIT lis'I'II 
4 5 . 0  1 6 4 . 0  ,001293 0 5 3 6 . 0  1 0 11 
~ _ _  
~ _ _  
ZS ARllAY 
0 .088916 ,0164 1 6 ,05975 .043083 ,02225 
. 11 967 , 13317 13108 
I O ~ H  
X11 ARRAY 
0 . 1106i . 10142 .016416 .051416 -02225 
. 14642 . 15142 
. I3642 
. 15142 
RS  Al lRAY 
. 14592 
. 19161 
. 17325 . I60fi7 . 14100 . 14G00 . 15415 . 14915 
,2250 ,2490 
RII  ARRAY 
,017416 





. o m 1 6 6  . 15033  ,12217 1035 
THTA AIIItAY 
0 
-.  6120 
-. 2659 - _  1185 
-. 5924 




ZT AIIRAY ( I F  KD 2. ZT A R R A Y   U S E D .   T H l A  = f (ZT) .  MT 7 No. 01.) 
0 
. 15142 
,02225 ,013911  ,0055833 
,08415  .I1433  .09125 












0 . 0  
,001 1G7 






0 0 8 7 0 ~  
0 . 0  
,00650 
0 . 0  
,00425 


















0 . 0  
0 . 0  
.01015 
00825 
, 0 0 5  I61 
002708 
0 . 0  






0 0  
,0125 
.01017 
007 I R 7  
,004833 
, 00250  
0 . 0  
- ,  000R33 ,018083 .005583 
12375 . 1331i 
,05975 11433 . 10142 . OH3i5 
, 15167 
;If ARIIAY 
,075 21867 18333 10833 1500 I 
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